The small subunit (SS) of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) is a nuclear gene-encoded protein that is imported into chloroplasts where it assembles with the large subunit (LS) after removal of the transit peptide to form Rubisco. We have explored the possibility that the severe deficiency in photosynthesis exhibited in nuclear transgenic tobacco (line a5) expressing antisense rbcS coding DNA that results in low SS and Rubisco protein content [Rodermel et al. (1988) Cell 55: 673] could be complemented by introducing a copy of the rbcS gene into its plastid genome through chloroplast transformation. Two independent lines of transplastomic plants were generated, in which the tobacco rbcS coding sequence, either with or without the transit sequence, was site-specifically integrated into the plastid genome. We found that compared with the antisense plants, expression of the plastid rbcS gene in the transplastomic plants resulted in very high mRNA abundance but no increased accumulation of the SS and Rubisco protein or improvement in plant growth and photosynthesis. Therefore, there is a limitation in efficient translation of the rbcS mRNA in the plastid or an incorrect processing and modification of the plastid-synthesized SS protein that might cause its rapid degradation.
Introduction
Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) is a key enzyme for photosynthesis and photorespiration (Spreitzer and Salvucci 2002) and thus it is an attractive target to improve photosynthesis and agricultural productivity (Mann 1999) . In most eukaryotes, it is composed of eight small subunits (SS) encoded by multiple nuclear genes and eight large subunits (LS) encoded by a single gene on the multicopy genome of the chloroplasts. The SS protein is synthesized in the cytosol as a precursor and transported into the stroma of chloroplasts where the transit peptide is cleaved by a processing peptidase (van der Vere et al. 1995) . The methylated mature SS proteins then combine with the post-translationally modified LS, through the mediation of chaperonins (Ellis and van der Vies 1991, Keegstra et al. 1989) , to form the Rubisco holoenzyme. The production and functionality of Rubisco is regulated by gene products from both nuclear and plastid genomes, and influenced by internal (e.g. developmental stage) and environmental (e.g. light) signals (Rodermel 1999) .
While the genetic engineering of Rubisco in order to increase photosynthetic potential in higher plants is attractive, it also may be difficult to achieve (Mann 1999) . No completely functional eukaryotic Rubisco has ever been assembled in any foreign host. Part of the reason is that Rubisco is a product of two genomes in separate cellular compartments and the involvement of both the nucleus and plastids in the formation of functional Rubisco is essential. The chloroplast transformation technology for higher plants has now made it possible to engineer the plastid genome so that the rbcL gene can be mutated, deleted or replaced in planta.
A variety of approaches have been taken to explore the genetic modification of Rubisco in plants, focusing on tobacco in which plastid transformation is currently most facile. The tobacco rbcL gene has been deleted from the plastid genome and inserted into the nucleus, but this resulted in a severe Rubisco deficiency (Kanevski and Maliga 1994) . Replacement of the tobacco rbcL gene with the rbcL from either sunflower or a cyanobacterium could not produce sufficient Rubisco activity to sustain photoautotrophic growth of the tobacco plants at ambient CO 2 (Kanevski et al. 1999) , indicating that hybrid Rubiscos containing subunits from different species are likely to be severely impaired. Likewise, introduction of the bacterium Chromatium vinosum rbcL gene into the tobacco nucleus resulted in a very low level of rbcL mRNA but no LS protein or Rubisco activity (Madgwick et al. 2002) . However, replacement of the tobacco rbcL gene with a mutant rbcL gene was possible, although a mutation was selected that was expected to result in a severe impairment of its catalytic activity and therefore the resultant plants could not grow in air without CO 2 enrichment (Whitney et al. 1999) . On the other hand, introducing two copies of an rbcS gene encoding His-tagged SS protein into the tobacco plastid genome only achieved a very low level of the plastid SS protein (less than 1% of the total SS) that was assembled into Rubisco (Whitney and Andrews 2001a) . Also, when the rbcL-rbcS operons from non-green algae were inserted into the tobacco plastid genome, without disrupting the endogenous rbcL gene, the expressed proteins were insoluble and thus were not assembled in the chloroplasts (Whitney et al. 2001) . Finally, replacement of the tobacco rbcL with a homodimeric form of Rubisco from the a-proteobacterium Rhodospirillum rubrum resulted in a tobacco plant that is autotrophic only with CO 2 supplementation (Whitney and Andrews 2001b) . All these investigations demonstrate the power and potential of chloroplast transformation techniques as a new avenue for photosynthesis study in higher plants. However, they also underlie the complexity of regulation in Rubisco biosynthesis and assembly in chloroplasts as well as the technical difficulty of improving Rubisco activity by manipulating coding genes located in two separate genomes.
In an approach similar to that recently reported by Whitney and Andrews (2001a), we also investigated whether the plastids (chloroplasts) can be made to express a nuclear rbcS gene to achieve a high level of functional Rubisco holoenzyme. A plastid-encoded rbcS gene would, in theory: (1) bypass regulation in the nucleus and cytosol; (2) avoid transportation and cleavage (if no transit sequence attached) of the SS precursor as required for the cytosol SS; and (3) achieve a high level of SS accumulation due to the high capacity of gene expression in plastids (up to 10,000 genome copies per mesophyll cell; Bendich 1987) .
To pursue this approach, we attempted to complement a nuclear rbcS antisense transgenic tobacco line (a5) (Rodermel et al. 1988 ) with a wild-type rbcS gene placed in the plastid genome. Our strategy contrasts with that of Whitney and Andrews (2001a) in that they transformed wild-type tobacco using a modified rbcS gene that encoded a His-tagged protein, which they could easily detect, but which could have possible unanticipated complications in Rubisco assembly and function. The antisense plants have reduced levels of rbcS mRNA (12%), Rubisco protein (38%) and activity (20%) compared to the wild type (Rodermel et al. 1988 ), while the rbcL mRNA level is not affected. Consequently, the antisense plants exhibit a marked photosynthetic deficiency and retarded growth (Jiang and Rodermel 1995, Tsai et al. 1997) , which allows the successful expression of the SS protein from the plastid genome in transformants to be easily ascertained. The engineered tobacco Fig. 1 Structure of chloroplast transformation vectors pZT and pZB and their corresponding regions in the wild-type (Wt) plastid genome of tobacco. (A) Organization and position of the transgenes relative to the wild-type plastid genome. The aadA gene and the coding sequences for the tobacco rbcS with or without transit sequences (pZB or pZT, respectively) are driven by two different lengths of modified promoter Prrn derived from the tobacco plastid 16S rRNA operon. The Prrn sequence (317 bp) fused to the rbcS gene in pZT is shown in the box with the ribosomal binding site (rbs; underlined) and the start codon ATG (bold). The Prrn sequence in pZB starts at 132 bp upstream of the ATG, indicated by the black triangle. P1 and P2 (bold italic) are transcription regulatory domains similar to the prokaryotic -30/-10 promoter elements. The restriction enzymes (NdeI, KpnI, SpeI, BglII and SnaBI) used in this study are indicated. Also shown are the approximate positions and directions of primers (L26, D5, L19, S3, L18, L43 and A5) used in PCR or RT-PCR. The figure size is not to scale. The 3¢-UTR of Chlamydomonas rbcL used as the terminator for the aadA gene is labeled as rbcL-3¢. The numbers show the nucleotide positions corresponding to the tobacco wild-type plastid genome (GenBank accession Z00044), which are relevant to the vector construction and blot hybridization. (B) Sequence comparison of the endogenous nuclear and the introduced plastidial rbcS genes. The abbreviated coding sequences are boxed. The plastidial rbcS genes in pZB and pZT are derived from the nuclear rbcS cDNA (Nuc) with or without its plastid-targeting sequence. But they are different from the nuclear gene by having plastid 5¢-UTR and 3¢-UTR. Downloaded from https://academic.oup.com/pcp/article-abstract/43/11/1302/1934884 by guest on 15 December 2018 rbcS gene, with or without the transit sequence, was introduced into the small single copy region between ndhF and trnL genes of the plastid genome and the properties of the resulting plants were investigated.
Results

Chloroplast transformation vectors
The tobacco SS precursor contains a plastid-targeting transit peptide of 57 amino acids. Once inside the plastid, the precursor SS undergoes a series of modifications such as removal of the transit peptide and methylation of the newly exposed Nterminal methionine (Ying et al. 1999) . In order to compare the difference, if any, between the expression of the precursor and the mature rbcS coding genes in chloroplasts, we constructed two rbcS transformation vectors (Fig. 1A) . Both vectors pZT and pZB contain an aminoglycoside 3¢-adenyltransferase (aadA) gene that confers resistance to spectinomycin and streptomycin as a selection marker (Eibl et al. 1999) . The tobacco rbcS complementary DNA (cDNA), either with or without the transit sequence (pZB and pZT, respectively), was fused to a strong, constitutive plastid promoter Prrn from the 16S rRNA gene to ensure a high level of transcription. This Prrn promoter was engineered to contain a 23-bp sequence of which 21 bp are identical to those of tobacco rbcL 5¢-untranslated region (5¢-UTR) immediately upstream of the start codon ATG, including a ribosomal binding site GGAGG, to facilitate protein synthesis (Fig. 1A , Zhang et al. 2001a ). The 3¢-UTR of the plastid rpl32 gene was used as the termination sequence, as well as part of the flanking region for targeting. The plastid genes ndhF and trnL along with their adjacent sequences (3.1 kb and 0.9 kb, respectively; Shinozaki et al. 1986 ) were used as anchoring regions to direct site-specific gene insertion of the transgenes into the plastid genome through homologous recombination (Eibl et al. 1999 , Zhang et al. 2001a ).
There are two important differences between vectors pZT and pZB. First, the Prrn length is 317 bp for pZT and 132 bp for pZB (Fig. 1A) . Second, pZB contains the full rbcS coding sequence (543 bp) that includes its plastid-targeting region, whereas pZT contains only the mature rbcS coding sequence (372 bp) using the ATG (coding for its N-terminal methionine) at the cleavage site between the transit peptide and the mature protein as its translation start codon (Fig. 1B) . The total size of the Prrn-rbcS cassette is about 0.7 kb in both vectors.
Site-specific integration of the transgene into the chloroplast genome Leaves of the nuclear rbcS antisense plants were bombarded with pZT-or pZB-coated gold particles and selected on spectinomycin-containing medium. After 4-8 weeks, resistant green tissue (often shoots) appeared from the bleached, enlarged white leaf pieces. Eight and six individual resistant shoots were obtained from 40 and 30 bombarded leaves for pZT and pZB, respectively. Multiple sections of these tissues were cultivated on selection medium.
PCR was carried out to screen the initial resistant shoots, using gene-specific primers designed to confirm the existence of the plastid rbcS gene and its intended incorporation in the plastid genome. For pZT lines, primers L18 and L19 are located in the coding region of the mature rbcS and D5 is in the coding region of aadA gene (Fig. 1A, Table 1 ). Primer L43 is downstream of the trnL gene, which is outside the targeting regions of the vector pZT. Thus, 1.4-kb or 2.2-kb PCR amplified products with primers L18/L43 or D5/L43 are expected only when the rbcS and aadA genes, respectively, were incorporated in the region between rpl32 and ycf5 (Fig. 1A) . These respective amplified products were found in four independent pZT transplastomic plants ( Fig. 2A) . Partial sequencing confirmed that they are correct insertions. Likewise, there can be no 2.6-kb PCR product with primers L19/L26 unless the rbcS gene was also inserted into the region between ndhF and trnL (Fig. 2B) . Similarly, PCR was done on the pZB tissues using primers A5/L43 and L19/L26 (Fig. 1A) , generating 1.6-kb and 2.6-kb PCR fragments, respectively (data not shown). Using the PCR strategy, 19 pZT plants from eight lines and 9 pZB plants from six lines were confirmed to have both aadA and rbcS genes at the expected position in the plastid genome. These plants were subjected to further selection until confirmed to be homoplastomic by Southern blot analysis as shown below. Then, the plants were grown to maturity and self-pollinated seeds were collected. The T3 plants grown in a growth chamber were used for all subsequent studies. NdeI digestion of the plastid DNA from the wild-type or antisense plants, which have the same plastid genome, should produce a 3.1-kb fragment flanking ndhF to ycf5 (Fig. 1A , Shinozaki et al. 1986 ) that would hybridize to a trnL probe. In the transformed plastid genome, aadA and rbcS were inserted between ndhF and trnL ( Fig. 1A ) and these two genes do not have a NdeI site. Therefore a blot of NdeI-digested DNA would show a 5.3-kb hybridizing band for both pZT and pZB.
As expected, a 3.1-kb band appears in the wild-type and antisense plants whereas only a 5.3-kb band is present in DNA from the transplastomic plants (Fig. 2C ). The absence of the 3.1-kb band in the transplastomic plants indicates that all copies of the plastid genome have the transgene incorporated in the region between ndhF and trnL.
The blot of KpnI-digested DNA was hybridized to a labeled rbcS cDNA and a 0.7-kb Prrn-rbcS band (without transit peptide and with a longer Prrn) is observed in all the pZT transformed plants as expected (Fig. 2D) . No hybridizing signal can be detected in the wild-type or antisense plants because there is no rbcS in their plastid genomes. The amount (~2 mg per sample) of DNA used for the Southern blots is too low to detect the nuclear rbcS genes but is sufficient for detec- tion of the plastid rbcS gene due to its high copy number. Similar results were obtained for the pZB (data not shown). These results demonstrate that the rbcS gene is indeed inserted into the plastid genome.
Maternal inheritance
When about 100 seeds from self-pollinated pZT and pZB transplastomic plants were germinated in MS medium containing 500 mg liter -1 spectinomycin, all grew into green, normal seedlings, whereas the seedlings of either the wild-type or antisense plants were small and white (data not shown). When the antisense or wild-type plants were pollinated with pollen from the pZT transplastomic plants, the progeny (ca. 100 seeds each tested) were all sensitive to spectinomycin. Conversely, when the antisense or wild-type plants were pollen donors, all the seeds produced by the pZT plants grew into green seedlings in the spectinomycin medium. Similar results were obtained for the pZB plants. Therefore, the transmission of spectinomycin resistance in these transplastomic plants is maternal.
The antisense plants are resistant to kanamycin due to the presence of a NPT gene in the nuclear genome (Rodermel et al. 1988) as are the transplastomic plants. When the wild-type plants were pollinated by either the rbcS antisense or the transplastomic plants, the progeny always became resistant to kanamycin. Likewise, the seeds produced from the transplastomic plants pollinated by the wild type remained kanamycin resistant (data not shown). These results show that, contrary to the maternal inheritance of the plastid genes, the nuclear NPT gene is transmitted biparentally as a dominant nuclear trait.
rbcS transcription in chloroplasts
Since a native rbcS coding sequence was introduced into the plastid genome, it is important to distinguish the endogenous cytosolic rbcS mRNA transcribed from the nuclear genes from the rbcS mRNA transcribed from the transformed plastid genome. The nuclear rbcS genes transcribe a 0.9-kb mRNA coding for the SS precursor (containing the transit and mature peptides that total 180 amino acids; Rodermel et al. 1988) . However, in vector pZT, the 372-bp sequence coding for 123 amino acids of the mature peptide was driven by the promoter Prrn, which possesses a typical -35/-10 (P1/P2 in pZT and pZB; Fig. 1A ) prokaryotic type promoter (Gruissem et al. 1988 ). P1 and P2 are located at -91 and -67 upstream of the start codon ATG, respectively (Fig. 1A) . It is reasonable to assume that the transcription should start no more than 60 bp from ATG of the plastid rbcS (Stern et al. 1997) . With the addition of the 372-bp coding sequence and ~200 bp of 3¢-UTR, the expected size of the plastid rbcS mRNA should be about 0.6 kb. Likewise, in pZB the plastid rbcS mRNA should be about 0.8 kb long, due to its 543-bp coding sequence for 180-amino acid precursor SS.
Northern blot hybridization and RT-PCR were used to examine the expression of the plastid rbcS gene. When total RNA isolated from developmentally similar leaves (Tsai et al. 1997 ) was hybridized to a labeled 0.4-kb rbcS cDNA, the wildtype plant showed a stronger 0.9-kb band than did the antisense plant a5 and the pZT plants (Fig. 3A) . This is consistent with the inhibitory effect (down to 12% of the wild-type level) of antisense mRNA on the rbcS gene expression reported by Rodermel et al. (1988) . However, the pZT transplastomic plants also showed a single, strong 0.6-kb band of plastid rbcS mRNA, which is about 5 times the level of the 0.9-kb mRNA in the wild type and at least 20 times the 0.9-kb mRNA level in the antisense plants as measured with a densitometer. This 0.6-kb mRNA cannot be detected in either the wild-type or the control antisense plants (Fig. 3A) . This shows that the rbcS transgene is highly transcribed in the transformed chloroplasts, which may be in part due to the high copy number of the chloroplast genome in leaves. In contrast, the level of rbcL mRNA, which is encoded by the plastid genome and should not be affected by chloroplast transformation, was similar in the wildtype, antisense and transplastomic plants (Fig. 3A) .
In contrast to the pZT plants, the pZB plants surprisingly produced two major species of rbcS mRNA that were 0.8 kb and 3.1 kb in size (Fig. 3B) . The 0.8-kb rbcS mRNA level is at least two times and ten times the level of the 0.9-kb mRNA in the wild-type and the antisense plants, respectively. To determine from which genes the 3.1-kb mRNA was transcribed, the RNA blot was hybridized to a probe of the aadA coding region (0.8 kb). A 1.4-kb band was revealed in both the pZT and the pZB plants but not in the wild-type or the antisense plants, whereas an additional 3.1-kb band was shown only in the pZB plants (Fig. 3C) . To further examine whether the rbcS downstream region, which includes the trnL gene, was also transcribed together with the aadA and rbcS, the RNA blot was hybridized with a 0.9-kb probe that covers the 80-bp coding sequence for tRNA Leu and its 800-bp 5¢-and 3¢-non-coding regions (Fig. 1A) . The same two 0.8-kb and 3.1-kb bands were found for the pZB plant, as with the rbcS probe, but not in the wild-type or antisense plants (Fig. 3B, D) . This suggests that the 0.8-kb mRNA is the expected transcript of the Prrn-rbcS that terminated about 200 bp downstream of the stop codon (Fig. 1B) . However, the 3.1-kb transcript is a chimeric product of the aadA gene expression that includes aadA, rbcS and trnL. This indicates that in the plastids of the pZB plants, the RNA polymerase not only transcribes the introduced aadA and rbcS genes separately, but also reads through the aadA 3¢-UTR (500 bp) to transcribe the downstream region as an aadA-rbcStrnL operon formed by the integration of the aadA-rbcS gene cassette in the region between rpL32 and trnL in the plastid genome. Although these two species of mRNA appear to have a similar level in the pZB plants, it remains to be examined how much each of them contributes to the SS protein synthesis.
It is interesting to note that in the pZB plants, the predominant products of the rbcS transcription were mono-cistronic (0.8 kb, rbcS) and tri-cistronic (3.1 kb, aadA-rbcS-trnL) (Fig.  3B, C) . Only traces of bi-cistronic message (aadA-rbcS or rbcS-trnL) were observed by overexposing the RNA blots (data not shown). The reasons behind these observations are not known. Two of the possible explanations are (1) rapid degradation of bi-cistronic mRNA, and (2) weak termination by rpL32 3¢-UTR.
Confirmation of plastid-synthesized rbcS mRNA by RT-PCR
The authenticity of the highly expressed plastid rbcS mRNA in the transplastomic plants was further investigated using reverse transcription (RT)-PCR. An rbcS-specific oligomer (L19) was used to synthesize single-stranded cDNA from the DNase-treated leaf RNA (Table 1, Fig. 1A) . A second primer, S3 for pZT or A5 for pZB, is located in the engineered promoter region immediately upstream of the plastid rbcS (Table 1, Fig. 1B ). With these primers, a 587-bp and a 409-bp fragment can be RT-PCR amplified only from the pZB and pZT transplastomic plants, respectively (Fig. 3E) . Because the rbcS mRNA from pZB contained the extra transit sequence, its RT-PCR product is larger than that from the pZT plant. Sequencing of the PCR fragments confirmed that they are indeed the respective rbcS correctly fused to the modified Prrn promoter. No amplified product was obtained from the cDNA of the antisense plant, which is consistent with the absence of an rbcS gene in the plastids. Amplified product was also not obtained from the RNA of the transplastomic plants prior to reverse transcription, indicating that the RT-PCR products were not derived from contaminated plastid genomic DNA.
Protein synthesis
We then analyzed the levels of the two Rubisco subunits and total proteins. On a leaf area basis, the transplastomic pZT and pZB plants contained a level of total leaf protein similar to, or slightly higher than, the antisense plants, which however only is about 1/3 of the wild-type level (Fig. 4A) . Compared to the antisense plants, there is no major increase in the accumulation of LS and SS proteins in the transplastomic plants, as indicated by Western blot analysis (Fig. 4B, C) . We also did not observe changes in the SS amounts in the insoluble portion of the protein extracts from the wild-type, antisense or pZT and pZB plants in Western blot analysis, which rules out the precipitation of the plastid-synthesized SS in the transplastomic plants (data not shown).
Photosynthesis and growth
When young, fully expanded leaves of growth chambergrown plants were subjected to gas-exchange measurements for CO 2 assimilation (photosynthesis) rates, the photosynthesis rates of both the pZT and pZB transplastomic plants were not higher than that of the antisense plant a5. The maximum rate of photosynthesis was only about 50% of the wild type (Fig.  5A, B) . The transplastomic plants shared a similar phenotype with the antisense plant, which clearly differed from the wild type. They grew more slowly, were shorter in height and flowered later (Fig. 5C) , which is very similar to the results reported earlier for the a5 plants (Tsai et al. 1997) . Introducing and expressing an rbcS gene in the chloroplasts seemed to have no effect on the photosynthesis and growth of these plants. Therefore, placing an rbcS gene in the chloroplasts did not complement the nuclear-induced antisense suppression of SS synthesis and photosynthesis deficiency, regardless of the presence or absence of the transit sequence. 
Discussion
We report here the plastid transformation of a nuclear rbcS antisense plant, thus obtaining dual-genome (nucleus and plastid) transgenic plants. Our approach differs in two aspects from previous studies where two copies of the endogenous rbcS gene were introduced into the inverted repeat regions of the tobacco plastid genome (Whitney and Andrews 2001a) . First, instead of using the wild-type plant, we used a nuclear rbcS antisense transgenic tobacco (Rodermel et al. 1988 ) as the target for chloroplast transformation. Short of ideal nuclear rbcS knock-out plants, the antisense plants contain a reduced level of rbcS mRNA and, consequently low levels of Rubisco proteins and a low rate of photosynthesis (Jiang and Rodermel 1995 , Rodermel et al. 1988 , Rodermel et al. 1996 . By transforming the nuclear rbcS antisense line to obtain plants with plastid rbcS expression, we could examine whether the inherent SS and photosynthesis deficiency was complemented. Second, we used as transgenes two native forms of the rbcS gene (with or without the transit sequence), without attaching any sequence for extra amino acids at the N-or C-terminus. Although the use of terminal tags facilitates the detection of the transgene products, we were concerned about the unknown effects of these extra residues on SS assembly and Rubisco function in the transformed plants.
The transplastomic plants expressed the plastid rbcS mRNA at a level much higher than not only the rbcS-inhibited antisense plants but also the wild type (Fig. 3) . This is probably due to the efficient transcription of the transgene and the high copy number of the rbcS gene in the plastids, reflecting the potential of gene expression capacity by plastids, as also demonstrated in many other studies (e.g. Kanevski et al. 1999 , Kuroda and Maliga 2001 , Ye et al. 2001 , De Cosa et al. 2001 , Zhang et al. 2001a .
It is interesting to note that two major species (0.8 and 3.1 kb) of the plastid rbcS mRNA with the transit sequence were detected in the pZB transplastomic plants, one of which (3.1 kb) was a transcript of aadA-rbcS-trnL operon. Only one size of the rbcS mRNA lacking the transit sequence was transcribed in the pZT plants (Fig. 3) . It is common for some neighboring genes to be transcribed as one long RNA molecule in plastids (Stern et al. 1997 , De Cosa et al. 2001 ). The question is why the aadA genes with the same promoter and 3¢-UTR and inserted in the same location on the plastid genome could produce different sizes of mRNA. One explanation is that this could be caused by the size difference in the downstream rbcS promoters, with the longer one (317 bp in pZT) being capable of terminating the transcription. This implies that the extra 185 bp of the Prrn promoter sequence in the pZT plants may have helped prevent read-through of the aadAChlamydomonas rbcL 3¢-UTR, producing an expected 1.4 kb transcript. In contrast, in the pZB plants where the Prrn promoter sequence is shorter (132-bp long), continued transcription through the rbcL-3¢-UTR was observed producing approximately equal amounts of mono-(1.4 kb) and tri-(3.1 kb) cistronic message (Fig. 3) . It is worth noting that similar to our observation with the Chlamydomonas rbcL 3¢-UTR, the corresponding 3¢-UTR from tobacco rbcL has also been shown to display inefficient termination, resulting in polycistronic mRNAs (Staub and Maliga 1995) .
Another possibility might be that the transit sequence, which presumably was originally acquired by the postendosymbiotic, plastid-targeting rbcS gene after its migration into the nucleus, somehow enhances transcript stability in plastids due to the differences in mRNA structure and nucle- otide sequence. Interestingly, the abundance of the plastid rbcS mRNA with the transit sequence was found to be much higher than that of the rbcS lacking the transit sequence (Whitney and Andrews 2001a) , also suggesting that the transit sequence might play a role in regulating rbcS mRNA level in chloroplasts. The possible role of the rbcS transit sequence in plastidlocalized transcription needs to be further studied. In summary, we conclude that the abundance and the length of the transcript derived from the transgene inserted into the plastid genome could be determined by (1) the type and strength of the promoter; (2) the insertion site of the transgene in the genome; (3) the type of terminator sequence; (4) composition of the nucleotide sequence of the transgene; and (5) stability of the transcript (also reviewed by Heifetz 1999 , Bogorad 2000 , Maliga 2002 ).
Nuclear and plastid genomes have distinct base composition (such as GC content) and codon usage (Oliver et al. 1990 ). However, comparison of the codon usage between the nuclear rbcS and several plastid-encoded genes (rbcL, atpb, accD and ndhF; Shinozaki et al. 1986 ) does not indicate obvious bias against the rbcS (data not shown). It also appears that synthesis of foreign proteins in the plastids is less sensitive to GC content than in the nucleus (Maliga 2002) .
In our transplastomic plants, the high abundance of the plastid rbcS mRNA did not result in the greater accumulation of total leaf protein or SS subunit, compared to the untransformed antisense plant (Fig. 4) . As a result, the photosynthesis rate and plant growth were not improved (Fig. 5) . This is, to a certain extent, similar to the report by Whitney and Andrews (2001a) that a very low amount of the SS protein was produced by the highly expressed plastid transgenes. Several possibilities may contribute to the ineffectiveness of the plastid rbcS in complementing the photosynthesis deficiency. First, the 5¢-UTR immediately upstream of the start codon in our vectors may not be optimal for efficient translation of the rbcS mRNA. We engineered a 23-bp sequence, of which 21 bp are identical to those of the tobacco rbcL. Although a shorter sequence (18 bp) has been successfully used to express aadA in tobacco , recent studies show that the sequences around the translation start codon have significant effect on the translation efficiency (Ye et al. 2001, Kuroda and Maliga 2001) . A better design of the transformation vector might improve the SS synthesis in plastids, which is under investigation.
Second, the plastid-synthesized SS may not be properly modified in the same way as the imported SS (Grimm et al. 1997 , Ying et al. 1999 , which may be necessary for correct assembly of functional Rubisco. Assembly of Rubisco in the stroma is a complicated process involving a variety of membrane complexes, chaperones and processing enzymes (van der Vere et al. 1995 , Ellis and van der Vies 1991 , Keegstra et al. 1989 , Ivey et al. 2000 , one of which is methylation of the SS N-terminal Met (Grimm et al. 1997 , Ying et al. 1999 ). This modification may be a prerequisite for efficient assembly with the LS and/or prevent rapid proteolytic degradation by stromal proteases. This is consistent with a previous study where low levels of assembled plastid-synthesized SS were incorrectly modified at the N-terminus (Whitney and Andrews 2001a) . This suggests that the plastid-synthesized SS might be incompatible with the plastid modification machinery required for the proper SS maturation and Rubisco function.
Third, as Whitney and Andrews (2001a) proposed, the Rubisco assembly pathway might "favor" the cytosol SS precursor that passes across the envelope membranes. A chloroplast chaperone (Hsp70) binds the transit peptide to form an ATP-dependent translocon (Ivey et al. 2000) . All subsequent processes, such as cleavage of the transit peptide, methylation of the mature peptide and assembly with the LS, may occur in the chaperon complex without even releasing the SS molecule to the stroma. The SS (either in precursor or mature forms) synthesized in the stroma might not have easy access to undergo efficient formation of chaperone-SS complex and/or correct modifications or conformation, resulting in rapid degradation and/or assembly of a dysfunctional Rubisco.
Finally, to our knowledge, there is no published information of whether post-translational processing of the SS precursor is required in the cytosol. The SS precursor may undergo specific modifications in the cytosol such as acetylation (after removal of the N-terminal Met), phosphorylation and methylation or even perhaps formation of a complex with other cytosol proteins, prior to crossing the chloroplast membranes. If these cytosol specific modifications are necessary for the SS maturation and Rubisco assembly, the plastid-synthesized SS would be inherently deficient, as compared to the cytosolic counterpart. This would indicate that the improvement of photosynthesis by expressing the plastid rbcS gene is not possible.
Modifying the endogenous, inefficient higher plant Rubisco or replacing it with a "better" foreign enzyme, considered "a Holy Grail" in plant biology (Mann 1999) , is an obvious choice for increasing photosynthesis potential and crop yield presently and in the future with the increasing atmospheric CO 2 level and temperature. Chloroplast transformation technology provides us with a powerful tool to engineer plastid genes at will. However, previous efforts (Kanevski and Maliga 1994 , Kanevski et al. 1999 , Whitney et al. 1999 , Whitney et al. 2001 , Whitney and Andrews 2001a and our studies reported here reveal the difficulties, sometimes unexpected, of manipulating the expression and functionality of the two Rubisco subunits in higher plants. From these studies, we might speculate that the cytosol-synthesized SS (its gene with a pre-endosymbiotic origin but evolutionarily acclimated in the nucleus) is a necessary, although not sufficient, step for the formation of a functional Rubisco, requiring the participation of the nucleus and cytosol along with the chloroplasts. This process may not be circumvented by simply expressing the rbcS gene inside the plastids. Increasing plastid SS translation efficiency by designing better transformation vectors may not increase Rubisco activity and photosynthesis. For proof-of-principle, a possible strategy of engineering Rubisco in plants could be to incorporate an rbcS gene into the nuclear genome and its cognate rbcL gene into the plastid genome (to replace the existing one). Ultimately, the performance of the transformed plants in photosynthesis and growth would depend on how well the products of these two heterologous genes interact with other components of the host cells during the long process of the Rubisco assembly and function.
Materials and Methods
cDNA synthesis and amplification by reverse transcription coupled with PCR (RT-PCR)
The rbcS coding sequences with or without transit peptide region were cloned by RT-PCR using DNase-treated total RNA from leaves of the wild-type tobacco (Nicotiana tabacum L. cv. Petit Havana SR1) as template. Synthesis of the first-stranded cDNA was done by using SuperScript™ II RNase H -Reverse Transcriptase (GIBCO BRL, MD, U.S.A.) and an rbcS gene-specific oligomer L19 as primer. L19 is located in the end of the mature rbcS coding region with three restriction sites to facilitate down stream cloning steps and providing two inframe stop codons (TAA and TAG) for translation (Table 1) . Then, the cDNA was amplified by PCR using L19 and other vector-specific primers, either A5 (for rbcS with transit sequence), or L18 (for rbcS without transit sequence). Both A5 and L18 contain restriction sites, 21-bp 5¢-UTR that is identical to that of the sequence immediately upstream of tobacco rbcL start codon and codons for the first several amino acids of the SS (Table 1 ). The PCR was carried out with Taq DNA polymerase (GIBCO BRL) for 30 cycles at 94°C-45 s, 55°C-45 s and 72°C-30 s. The amplified fragments were cloned into a pCR2.1 vector (Invitrogen, CA, U.S.A.) and completely sequenced to confirm their accuracy.
RT-PCR was also used to confirm the expression of the plastid rbcS gene in the transplastomic plants. The reactions were done as described above, except that along with L19 as primer, the tobacco plastid 16S rRNA operon promoter Prrn-specific primers S3 or A5 (both are located downstream of the putative transcription start site; Fig. 1 and Table 1) were used for PCR. Thus, only the rbcS cDNA with Prrn as its 5¢-UTR can be amplified (Fig. 1B) , which was confirmed by sequencing.
Construction of transformation vectors pZT and pZB
The precursor transformation vector we used was pFaadAII kindly provided by C. Eibl and H.-U. Koop. The plasmid pFaadAII is identical to pFaadAI reported by Eibl et al. (1999) except that the aadA gene cassette is in the same orientation as the rpl32 (C. Eibl, personal communication) . In this vector the aadA coding sequence (conferring spectinomycin resistance) is driven by Prrn and is fused to the 3¢-UTR of Chlamydomonas rbcL as a terminator. The aadA gene cassette is inserted to the SnaBI site at Nucleotide (Nt) 115361 of the BglII fragment (4750 bp) between Nt 115362 and Nt 116269 (GenBank accession No. Z00044; Shinozaki et al. 1986 ) of the small single copy region of the tobacco plastid genome, which encompasses from ndhF to trnL genes.
The mature rbcS cDNA clone was cut by XhoI and ligated to a XhoI-digested fragment of a modified Prrn (317 bp; Fig. 1A , Zhang et al. 2001a) . A XhoI site was introduced in place of the original RcaI site so that an upstream ATG (a potentially interfering translation start codon and in-frame with the rbcL coding sequence) was destroyed (Fig. 1) . The Prrn-rbcS construct was confirmed by DNA sequencing. The tobacco chloroplast expression vector, pZT, was constructed by inserting the Prrn-rbcS fragment into pFaadAII at the end of the aadA gene cassette through two-step ligations with NotI-SpeI fragments so that the 3¢-UTR of rpl32 starting at Nt 115362 and trnL ending at Nt 116269 (GenBank accession Z00044) were used as both rbcS terminator and flanking region for gene targeting (Fig. 1A) .
Likewise, for rbcS with transit sequence, the pre-rbcS cDNA clone was cut by RcaI/XbaI and ligated to a NcoI/XbaI-digested fragment of the Prrn (132 bp) and confirmed by sequencing. The vector, pZB, was constructed by inserting the Prrn-rbcS fragment into the 3¢-end of the aadA gene in vector pFaadAII through two-step ligations with NotI-SacII fragments (Fig. 1A) .
Overall, the aadA and rbcS genes were flanked by 3,841-bp fragment including ndhF and rpl32 at one end and 909-bp fragment containing 80-bp trnL coding region at the other end. Both vectors pZT and pZB confer the host bacterium Escherichia coli with spectinomycin resistance. During chloroplast transformation, the aadA-rbcS gene cassettes are expected to be integrated into the region between tobacco plastid ndhF gene [subunit F of NAD(P)H-plastoquinone oxidoreductase] and the trnL gene for tRNA Leu , by homologous recombination (Fig. 1A) .
Chloroplast transformation and regeneration of transplastomic plants
Surface-sterilized seeds from the nuclear rbcS antisense transgenic plants a5 (Rodermel et al. 1988) of tobacco (N. tabacum L. cv. Petit Havana SR1) were germinated and grown aseptically on agarsolidified medium containing MS salts (Murashige and Skoog 1962) and 87.5 mM (3%) sucrose, at 27-28°C under 50-70 mE m -2 s -1 white fluorescent light (16 h daily).
Bombardment with plasmids pZT and pZB, and selection were carried out as described by Zhang et al. (2001a) , based on the protocol reported by Svab and Maliga (1993) . Green shoots resistant to spectinomycin were tested by PCR (see below). The correct transplastomic cell lines were subjected to further selection on medium containing spectinomycin until homoplastomy of the transplastomic plants was confirmed by Southern blot analysis. Resistant shoots were transferred to Magenta boxes with MS medium containing spectinomycin (500 mg liter -1 ) and then to potting soil and grown in a growth chamber at 20°C (night) and 25°C (day) under ~500 mE m -2 s -1 white incandescent light (16 h daily). The pots were watered daily, and a complete fertilizer was applied once per week.
PCR identification of putative transplastomic plants
Total cellular DNA was extracted from a small section of a leaf of the resistant shoots grown in the spectinomycin medium, using a simplified CTAB method (Zhang et al. 2001b ). The PCR was carried out with Taq DNA polymerase (GIBCO BRL) for 30 cycles at 94°C-45 s, 55°C-45 s and 72°C-1.5 min. For pZT plants, the rbcS-specific primer L18 and trnL-3¢ specific primer L43 (Table 1) were used. L43 is outside the flanking region of the transformation vector (Fig. 1A) . Therefore, only the 1.4-kb fragment containing rbcS gene that is integrated into the specific region of the plastid genome will be amplified. Likewise, other pairs of primers (D5/L43 and L19/L26; see Table 1 and Fig. 1A) were also used for PCR identification of expected insertion. Similar PCR strategy (primers A5/L43 and L19/L26; Table 1 ) was also used for pZB plants. Partial sequencing of these PCR fragments confirmed the expected integration. The positive plants identified were cultured for further selection and Southern blot tests.
Plant growth measurement
Seeds of the transplastomic (T3), antisense and wild-type plants were germinated and grown in 6.5-liter pots in a growth chamber at 20°C (night) and 25°C (day) under ~200 mE m -2 s -1 white incandescent light (16 h daily). The plants were watered daily and fertilized twice weekly. For plant growth assay, the plant height and leaf number was recorded every 2-3 d until the first floral buds appeared when leaf discs from leaf no. 10, 11 and 12 were collected for Rubisco and protein assays, and either used immediately or frozen in liquid N 2 and stored at -80°C. At the same time, gas exchange measurement was carried out on other plants (see below).
DNA and RNA blot hybridizations
Total cellular DNA was isolated from leaves of tissue-cultured plants using DNeasy Plant Mini Kit (Qiagen, CA, U.S.A.). The NdeIdigested DNA blots were hybridized to digoxigenin-11-dUTP (DIG) labeled tobacco tRNA Leu gene (trnL) probe generated by random primer extension, using DIG High Prime Labeling and Detection Starter Kit (Roche, IN, U.S.A.). This probe was a 0.9-kb SpeIfragment of pFaadAII that includes the region from Nt 115362 to Nt 116269 where trnL (Nt 116161-116240) is located (GenBank accession Z00044) and contains the 3¢-UTR for the Prrn-rbcS gene, therefore will hybridize to the rbcS mRNA as well. The blots of KpnI-or KpnI/SpeI-digested DNA were hybridized to DIG-labeled tobacco rbcS. Hybridization and chemiluminescent detection were carried out according to the Roche protocol. Total cellular RNA was isolated from leaves of similar developmental age of the antisense and transplastomic plants using RNeasy Plant Mini Kit (Qiagen). Northern blot analysis (10 mg per sample) was carried out as described by Zhang et al. (2001a) . DIG-labeled probes were (1) tobacco 0.4-kb rbcS cDNA encoding the mature peptide, (2) trnL probe (see above) and (3) 1.1-kb EcoRI-KpnI fragment of tobacco rbcL. The signals were quantified with an Ultroscan XL Laser Densitometer (LKB).
Extraction of protein and immuno-assay
Proteins were isolated from leaf discs (1.77 cm 2 ) of transplastomic, antisense a5 and wild-type plants as described by Zhang et al. (2001b) . Protein contents were measured using BAC Protein Assay kit (Pierce, IL, U.S.A.), with at least three replicates. Protein extracts from equal leaf area were subjected to 0.1% SDS-12% polyacrylamide gel electrophoresis and Western blot analysis using antibody against tobacco Rubisco protein (Eckardt et al. 1997 ).
Leaf gas-exchange
The gas exchange (CO 2 assimilation) measurement was done using LI-6400 (LI-COR, NE, U.S.A.) at leaf temperature of 23°C, with 21% or 2% O 2 supplemented with N 2 and a light intensity of 600 mE m -2 s -1 , relative humidity of 70% and CO 2 concentrations from 15 to 1,800 mbar. Several leaves (No. 9-12) of similar developmental age were examined.
